The protein associated with Werner syndrome (WRN), is involved in DNA repair, checkpoint activation, and telomere maintenance. To better understand the involvement of WRN in double-strand DNA break (DSB) repair, we analyzed the combinatorial role of WRN-1, the Caenorhabditis elegans WRN helicase, in conjunction with EXO-1 and DNA-2 nucleases. We found that WRN-1 cooperates with DNA-2 to resect DSB ends in a pathway acting in parallel to EXO-1. The wrn-1 mutants show an aberrant accumulation of replication protein A (RPA) and RAD-51, and the same pattern of accumulation is also observed in checkpoint-defective strains. We conclude that WRN-1 plays a conserved role in the resection of DSB ends and mediates checkpoint signaling, thereby influencing levels of RPA and RAD-51.
The rare genetic disease, Werner syndrome, is associated with premature aging and an increased incidence of cancer, as well as genomic instability at the cellular level [1] . The protein responsible for the syndrome is Werner syndrome protein (WRN) which has two enzymatic activities: DNA helicase and exonuclease. In mammals, WRN participates in double-strand DNA break (DSB) repair, base excision repair, replication fork recovery, and telomere maintenance [1, 2] . In addition, it promotes the expression of microRNA miR-124, so affecting the expression of many genes targeted by that microRNA [3] . In mammals, WRN is also required to activate cell cycle checkpoints in response to stalled DNA replication forks and interstrand DNA crosslinks [4] . In the model organism Caenorhabditis elegans, WRN-1 contains the helicase domain but not the exonuclease domain [5] . The WRN-1 helicase mediates checkpoint activation in response to stalled replication forks and DSBs, by promoting the accumulation of replication protein A (RPA) and activating ATM and ATR homologs downstream of RPA [5] . We previously proposed that in response to stalled replication forks, WRN-1 activates the ATR homolog by increasing the stability of RPA on single strand DNA (ssDNA). However, the mechanism by which it promotes the formation of RPA foci in response to DSBs is not clear. In this study, we investigated the hypothesis that WRN-1 mediates end resection of DSBs and as a result extends the length of ssDNA available for binding RPA. Double-strand DNA breaks are resected at their 5 0 -ends to produce 3 0 -ended ssDNA, as a preparatory step for DSB repair via homologous recombination (HR) [6] [7] [8] . The ssDNA becomes coated with RPA molecules, which are then replaced by Rad51 [9, 10] . Rad51 filaments on ssDNA invade homologous DNA duplexes, generating D-loops and subsequently forming double Holliday junctions [11] . End resection of DSBs proceeds in two steps, an initial resection followed by a more extensive one [12, 13] . In eukaryotes, the MRN/X (Mre11, Rad50 and Nbs1/Xrs2) complex initiates the end resection in cooperation with CtIP/ Sae2 [14] [15] [16] . In a subsequent reaction, Exo1 and Dna2-Sgs1 act in parallel (in yeast) to produce a longer 3 0 -ended ssDNA [17, 18] . Exo1 can generate 3 0 -ended ssDNA without other helicase partners [19, 20] , whereas Dna2 functions together with the RecQ family DNA helicase, Sgs1 [21] . Sgs1 unwinds double-strand DNA (dsDNA) in a 3 0 -5 0 direction and then Dna2 degrades the 5 0 ssDNA tails, generating 3 0 -ended ssDNA [21, 22] . RPA molecules stimulate end resection by protecting the 3 0 ssDNA tails and stimulating the 5 0 ?3 0 nuclease activity of Dna2 [22, 23] . Dna2 in mammals also works together with the Sgs1 homologs, Bloom syndrome protein (BLM) and WRN [24] . In C. elegans, DNA-2 degrades 5 0 ssDNA tails efficiently and its activity is promoted by RPA molecules, as in other eukaryotes [25] . However, it is not known whether the WRN or BLM homologs cooperate with DNA-2 in end resection in C. elegans.
In C. elegans, HR is the main mechanism of DSB repair in the germ cells, whereas nonhomologous endjoining (NHEJ) predominates in the noncycling somatic cells [26] . The MRN complex of C. elegans appears to consist of only Mre11 and Rad50 homologs, since no homolog of Nbs1 has been identified [27, 28] . CtIP, which promotes resection by the MRN complex, is conserved as COM-1 in C. elegans, and is required for DSB repair but only in meiotic germ cells, not in mitotically proliferating germ cells [29] . When the resection activity of MRE-11 is defective, DSBs are repaired by NHEJ instead of error-free HR, causing chromosomal aberrations in meiotic germ cells [30] . The chromosomal aberrations due to defective MRE-11 are rescued by the absence of a homolog of Ku80, a NHEJ factor that forms a heterodimer with Ku70 and binds to the ends of DSBs. This rescue depends on the presence of EXO-1, but is independent of HIM-6 (a BLM ortholog) which is active in a later step of HR, viz. resolution of Holliday junctions during meiotic prophase [31] . Since HIM-6 does not participate in the end resection of HR, it is possible that the other RecQ family DNA helicase in C. elegans, WRN-1, plays a role in this process.
Here, we examined whether WRN-1 of C. elegans mediates the resection of DSB ends, and if so, whether it works in the same pathway as DNA-2 as in other eukaryotes. Its genetic relationship with EXO-1, which is thought to work in parallel, was examined after treating C. elegans worms with c-rays. Such responses as worm survival and the formation of RPA and RAD-51 foci in response to DSBs were measured in C. elegans worms singly or doubly deficient in WRN-1, EXO-1, and DNA-2. By comparing the responses of the worms with various deficiencies, WRN-1 has been shown to cooperate with DNA-2 in end resection and also to mediate checkpoint activation.
Materials and methods

C. elegans strains
The wild-type Bristol N2, wrn-1(gk99), him-6(e1104), and him-6(e1423) were acquired from the C. elegans Genetics Center (St Paul, MN, USA). The exo-1(tm1842) mutant was generated by the National Bioresource Project (Japan). To eliminate unrelated mutations, wrn-1(gk99) was outcrossed 5 times with wild-type N2 worms. The double mutant wrn-1(gk99);exo-1(tm1842) was generated by crossing wrn-1(gk99) with exo-1(tm1842). All strains were maintained at 20°C on nematode growth medium (NGM) seeded with Escherichia coli OP50-I cells.
RNA interference
cDNA fragments of atl-1, mre-11, chk-1, and wrn-1 were cloned into vector pL4440 previously [5, 32] , and a dna-2 cDNA fragment (2411-3318 nucleotides of the coding sequence) was inserted between the ApaI and PstI sites of the vector. The recombinant plasmid DNAs were used to transform HT115(DE3) cells. E. coli cells for knockdown of atm-1 were obtained from Ahringer's RNAi feeding library. For most bacteria-mediated RNAi, L1 stage worms were placed on NGM plates with 1 mM IPTG and ampicillin (50 lgÁmL À1 ), and were fed E. coli HT115(DE3) cells harboring the pL4440 vector with target cDNA inserts. Worms were treated with c-rays at the L4 or 1-day adult stage. For knockdown of atl-1, mre-11, and chk-1, worms were fed E. coli cells from the L4 stage, 16 h before they were c-irradiated as adults, and were then immunostained for RPA-1 and RAD-51, whereas for atm-1, RNAi was performed from the L1 stage. RNAi for dna-2 was introduced much earlier to enhance knockdown efficiency: from the young adult stage of the previous generation prior to immunostaining of RPA-1.
Embryonic survival
To measure the survival of germ cells, L4 stage worms were irradiated with c-rays of 30 or 60 Gy using a 137Cs source (Gammacell 3000 Elan, Nordion, Ottawa, ON, Canada). Several irradiated worms were placed on a new NGM plate, and embryos laid by the worms between 24 and 48 h after the irradiation were collected. Their hatching was scored 24 h later after harvesting the embryos. These embryos were derived from the germ cells that had been either at the mitotically proliferating stage or at the pachytene stage at the time of the irradiation.
Immunostaining
One-day-old adult worms were exposed to c-rays of 75 Gy, and gonads were extruded by decollating worms 1-20 h later. They were fixed in 10% formalin at room temperature for 15 min and then in 100% methanol at À20°C overnight. 
Results
wrn-1;exo-1 double mutants are more sensitive to c-rays than either of the single mutants During DSB repair via HR, DNA ends are initially cleaved by the MRN complex in cooperation with CtIP, and the resection is extended by Exo1 or Dna2. In C. elegans, the EXO-1 and MRE-11 nucleases were recently found to mediate the resection [30] . In order to determine whether C. elegans WRN-1 is expansible for resection of DSB ends, we first measured the sensitivity of wrn-1 mutants to DSBs. The wrn-1(gk99) allele with a deletion in the first exon and the upstream sequence was used, as in our previous work [5] , and the exo-1(tm1842) allele, deleted for the second and third exons [29] , was chosen as a positive control for defects in end resection. In addition, a double mutant for wrn-1 and exo-1 was generated, and its sensitivity to DSBs was measured, to assess the functional relationship between the two proteins. The germline system of C. elegans, in which HR is the predominant pathway of DSB repair, was chosen for measuring the effects of wrn-1 and exo-1 mutations on cellular responses to DSBs. Caenorhabditis elegans larvae at the L4 stage were exposed to c-rays, and progeny embryos that had been laid during the 24-48 h period after the irradiation were scored for hatching. The death of embryos represents the sensitivity to DSBs of germ cells at either the proliferating or pachytene stage [33] . As shown in Fig. 1 , the wrn-1(gk99) mutation increased the sensitivity of germ cells to c-rays at 30 and 60 Gy (wild-type N2 vs. wrn-1(gk99), P value < 0.001 at 30 Gy and P < 0.001 at 60 Gy by Student's t test). This result suggested that WRN-1 functions in cellular responses to DSBs, which include activation of a cell cycle checkpoint, as observed in our previous work [5] , and possibly DSB repair. exo-1 (tm1842) mutant worms were also hypersensitive to DSBs, as expected (N2 vs. exo-1(tm1842), P = 0.008 at 30 Gy and P = 0.024 at 60 Gy by Student's t test), and their sensitivity to DSBs was similar to that of wrn-1(gk99) worms (wrn-1(gk99) vs. exo-1(tm1842), P = 0.583 at 30 Gy and P = 0.130 at 60 Gy). The wrn-1(gk99);exo-1(tm1842) double mutant was much more sensitive to c-irradiation than either of the single mutants at both 30 and 60 Gy (wrn-1;exo-1 vs. wrn-1 (or exo-1), P < 0.001). The additive effects of the wrn-1(gk99) and exo-1(tm1842) mutations on embryonic lethality after c-ray treatment indicate that WRN-1 and EXO-1 function in parallel, most likely in the extensive resection step of HR.
Less RPA-1 accumulates at DSBs in the wrn-1; exo-1 double mutant than in either single mutant
To demonstrate that WRN-1 physically mediates the extensive resection of DSB ends in parallel with EXO-1, we measured the accumulation of RPA-1 (the large subunit of RPA) on ssDNA derived from DSBs at 1 h and at 3 h intervals after c-irradiation (Fig. 2) . Premeiotic germ cells are arrested in G2 phase after the induction of DSBs, and their nuclei expand with time due to cell growth, as observed in Fig. 2 and previous reports [5, 34] . In wild-type N2 worms, the formation of RPA-1 foci was well underway by 1 h after c-irradiation and peaked at 3 h. The numbers of RPA-1 foci in wrn-1(gk99) and exo-1(tm1842) worms were lower than in wild-type (wrn-1 vs. exo-1, P = 0.146 at 1 h and P = 0.138 at 3 h), and the number in the double mutant was even lower than in either single mutant (wrn-1;exo-1 vs. wrn-1(or exo-1), P < 0.005 at 1 and 3 h). These results confirm that WRN-1 and EXO-1 function in parallel in DSB end resection. Interestingly, the number of RPA-1 foci in wrn-1 worms was much higher at later times (6 and 9 h post the irradiation) than in wild-type worms: the maximal number of RPA-1 foci was seen at 3 h in wild-type worms, but at 6 h in wrn-1 worms. In contrast, the number of RPA-1 foci in exo-1 worms was the same at 6 h as at 3 h (3 h vs. 6 h, P = 0.301). The different pattern of RPA-1 accumulation in wrn-1 and exo-1 worms implies that the two proteins play distinct roles in end resection or in signaling in response to DSBs.
To exclude the possibility that unrelated mutations hidden in wrn-1(gk99) worms were responsible for their hypersensitivity to DSBs and the abnormal RPA-1 accumulation, we repeated the above experiments after knocking down wrn-1 expression in wild-type and exo-1(tm1842) backgrounds. Knockdown of wrn-1 proved to be as effective as the null gk99 mutation in decreasing embryonic survival after c-irradiation in both of these genetic backgrounds, this excluding the idea that unrelated mutations were responsible for the hypersensitivity of wrn-1(gk99) worms (wrn-1(gk99) vs. wrn-1(RNAi), P = 0.277; wrn-1(RNAi) vs. wrn-1 (RNAi);exo-1(tm1842), P = 0.028; Fig. S1A ). Hyperaccumulation of RPA-1 at 9 h after irradiation was also observed in the wrn-1(RNAi) worms (Fig. S1B,  C) . In addition to WRN, another RecQ family DNA helicase, BLM participates in the extensive resection of DSBs in mammalian cells [20, 24] . However, the ortholog of BLM in C. elegans, HIM-6, is reported not to be involved in resection [30] . We also confirmed that the accumulation of RPA-1 at DSBs 1 h after c-ray treatment was not affected in him-6(e1104) worms, which have a missense mutation at codon 561, or in him-6(e1423) worms with a nonsense mutation at codon 479 [35] (Fig. S2) .
WRN-1 and EXO-1 have distinct effects on the formation of RAD-51 foci at DSBs
Since mutations of wrn-1 and exo-1 affected the accumulation of RPA-1 at DSBs, it seemed very likely that they would also influence the subsequent steps of HR. One of these steps is the loading of RAD-51, which displaces RPA from ssDNA to form a helical nucleoprotein filament permitting strand invasion [8, 36] . We therefore examined the formation of RAD-51 foci at 4 h intervals starting from 8 h after c-irradiation. In wild-type worms, RAD-51 foci peaked at 12 h post c-irradiation (Fig. 3) , which was much later (by 9 h) than the time of maximal formation of RPA-1 foci. A delay in maximal loading of RAD51 relative to that of RPA, was also observed in human cells, but it was much shorter (by only 2 h) [37] . The number of RAD-51 foci at 8 h was much lower in wrn-1 worms than in wild-type worms (N2 vs. wrn-1, P < 0.001), whereas the number in exo-1 worms was not significantly different from that in wild-type worms (N2 vs. exo-1, wrn-1;exo-1, but not wrn-1;dna-2, double-deficiency increases sensitivity to c-rays. L4 stage worms of wild-type N2, wrn-1(gk99), exo-1(tm1842), dna-2(RNAi), wrn-1(gk99);exo-1(tm1842), and wrn-1(gk99);dna-2(RNAi) were treated with c-rays of 30 and 60 Gy, and embryos were collected in the interval between 24 and 48 h post-treatment. The number of hatched progeny was counted 24 h later. The experiment was repeated seven times biologically, and averaged hatching rates are shown. Error bars indicate SEM (standard error of the mean). P values were calculated by Student's t test. P = 0.243). The markedly reduced formation of RAD-51 foci at 8 h after DSB formation in wrn-1 worms appeared to be related to the hyper-accumulation of RPA-1 at later times (Figs 2 and 3) .
Deficiencies of checkpoint proteins also result in hyper-accumulation of RPA-1 at DSBs at later times and reduced RAD-51 loading
We hypothesized that the late hyper-accumulation of RPA-1 resulted from defective checkpoint activation, since it was previously shown that WRN-1 functions in checkpoint activation in response to DSBs and replication inhibition [5] . To test this idea, we examined the accumulation of RPA-1 and RAD-51 in worms deficient in checkpoint proteins MRE-11, ATL-1 (ATR homolog), ATM-1 (ATM homolog), and CHK-1. As predicted, we observed enhanced accumulation of RPA-1 at 9 h after DSB formation in mre-11 (RNAi) and atl-1(RNAi) strains (Fig. 4A) , as well as in atm-1(RNAi) and chk-1(RNAi) strains (Fig. S3) . These strains also resembled wrn-1(gk99) in forming low numbers of RAD-51 foci at 8 h after DSB formation [ Fig. 4B ; data not shown for atm-1(RNAi) and chk-1(RNAi)]. The inverse correlation between numbers of RPA-1 and RAD-51 foci at late times (Fig. 4C) was observed in all of these checkpointdefective strains, supporting the idea that the aberrant Fig. 2 . wrn-1 and exo-1 mutations attenuate the formation of RPA-1 foci at early times after c-ray treatment, while wrn-1 enhances focus formation at later times. Wild-type, wrn-1(gk99), exo-1(tm1842), and wrn-1(gk99);exo-1(tm1842) worms were exposed to c-rays of 75 Gy on the first day as adults. accumulation of RPA-1 and RAD-51 are direct outcomes of defective checkpoint signaling.
In contrast to the aberrant accumulation of RPA-1 and RAD-51 in wrn-1(gk99) at specific times after c-irradiation, the wrn-1(gk99);exo-1(tm1842) double mutant did not hyper-accumulate RPA-1 or underload RAD-51 at those times (Figs 2 and 3 ). Therefore, the aberrant accumulation of these proteins in wrn-1(gk99) worms seemed to require the presence of EXO-1. We therefore tested whether the aberrant accumulation of RPA-1 and RAD-51 in the checkpoint-defective strains was also rescued by exo-1. This proved to be the case (Figs 4 and S3) , thus underlining the importance of EXO-1 in the abnormal accumulation of RPA-1 and RAD-51 at late times after DSB formation.
WRN-1 and DNA-2 cooperate to cleave DSB ends in parallel with EXO-1
Caenorhabditis elegans WRN-1 has only a helicase activity unlike human WRN, which has both helicase and exonuclease activities in a single polypeptide [32, 38] . Human WRN and BLM are epistatic to Dna2 in long-range resection of DSB ends [24] . Therefore, we tested whether C. elegans WRN-1 also functions together with DNA-2 to mediate resection. Since DNA-2 participates in the processing of Okazaki fragments during DNA replication, the enzyme is essential for worm survival. Hence, a deficiency of dna-2 was induced by knocking down mRNA expression, which was found to be decreased by 32(AE 5)% (data not shown). The deficiency resulted in reduced embryonic survival after c-ray treatment, similar to the reduction in the wrn-1 and exo-1 mutants, as shown in Fig. 1 (dna-2 vs. wrn-1, P = 0.015 at 30 Gy and P = 0.070 at 60 Gy; dna-2 vs. exo-1, P = 0.106 at 30 Gy and P = 0.820 at 60 Gy). When we compared wrn-1;dna-2 double-deficiency strain with each of the single-deficiency strains, we found no significant difference in embryonic survival after c-ray treatment (wrn-1;dna-2 vs. wrn-1, P = 0.297 at 30 Gy and P = 0.504 at 60 Gy; wrn-1;dna-2 vs. dna-2, P = 0.330 at 30 Gy and P = 0.274 at 60 Gy). This suggests that WRN-1 and DNA-2 function in the same reaction to digest the termini of DSBs. Cooperation between the two proteins in resection was also demonstrated by comparing the double-and single-deficiency strains with regard to the formation of RPA-1 foci (Fig. 5) . The numbers of RPA-1 foci at 3 h post c-irradiation were similar in wrn-1;dna-2 and the single-deficiency strains (wrn-1;dna-2 vs. wrn-1(or dna-2), P > 0.217 at 3 h). The absence of an additive effect again indicates that DNA-2 is involved in the
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9 h 8 h Fig. 4 . Defective checkpoint activation results in a delayed accumulation of RPA-1 and a reduced formation of RAD-51 foci at late times after c-ray treatment. Wild-type, wrn-1(gk99), exo-1(tm1842), mre-11(RNAi), atl-1(RNAi), exo-1(tm1842);mre-11(RNAi), and exo-1(tm1842);atl-1(RNAi) worms were exposed to c-rays of 75 Gy on the first day as adults. Prior to c-ray treatment, wild-type and exo-1(tm1842) worms were fed HT115(DE3) cells expressing double-stranded RNA (dsRNA) for mre-11 or atl-1 for 16 h from the L4 stage. Mitotic regions of Caenorhabditis elegans gonads were stained with antibodies against (A) RPA-1 and (B) RAD-51 at the indicated times after c-ray treatment. Scale bar, 10 lm. The experiment was repeated three times and representative micrographs from one experiment are shown. (C) The number of RPA-1 or RAD-51 foci per nuclear focal plane was counted for over 100 mitotic germ cells in each strain, as described in Figs 2 and 3. The averaged values from three biological repetitions are plotted for the number of RPA-1 or RAD-51 foci.
same aspect of DSB resection as WRN-1. In contrast, the exo-1;dna-2 strain had a greatly reduced number of RPA-1 foci at 3 h post irradiation, confirming that DNA-2 functions in parallel with EXO-1.
Discussion
In this study, we used the germline system of C. elegans to show that the WRN helicase homolog, WRN-1, mediates extensive resection of DSB ends in cooperation with DNA-2 (Figs 2 and 5) . However, the BLM homolog of C. elegans, HIM-6, is not involved in the resection (Fig. S2) , unlike in mammalian cells where both WRN and BLM cooperate with Dna2 [24] . In mammalian cells, the helicase activity of WRN, but not its exonuclease activity, is required for resection, together with the nuclease activity of Dna2 [24] . WRN in Xenopus laevis was also found to assist Dna2 in the extensive end resection that can take place in nucleoplasmic egg extracts [39] . In the germ cells of C. elegans, WRN-1 appears to cooperate with DNA-2 in mediating resection in parallel with EXO-1, as indicated by the additive effects of the wrn-1 and exo-1 mutations on embryonic lethality after c-ray treatment (Fig. 1) . The two mutations also had similar additive effects on the number of RPA-1 foci within the first 3 h after irradiation (Fig. 2) . In contrast with the additive effects of wrn-1 and exo-1 on worm survival and on the formation of RPA-1 foci in the early hours after DSB formation, the double deficiency strain wrn-1;dna-2 was not more radiation-sensitive than either single deficiency (Figs 1 and 5 ). This agrees well with the argument that WRN-1 cooperates with DNA-2 in a reaction parallel to that involving EXO-1. The wrn-1 mutation greatly enhanced the accumulation of RPA-1 at 6-9 h after irradiation unlike its effect at earlier times, whereas the exo-1 mutation did not. The two mutations were also different in their effects on the formation of RAD-51 foci at late times (8 h after the irradiation); this was greatly diminished by wrn-1, but not by exo-1 (Fig. 3) . The marked reduction of RAD-51 foci at 8 h in wrn-1 mutants appears to be related to the accumulation of RPA-1 at late times (6 and 9 h after irradiation). Deficiencies of any of the checkpoint proteins MRE-11, ATL-1, and ATM-1, as well as their downstream effector, CHK-1, resulted in the same patterns of RPA-1 and RAD-51 accumulation as the wrn-1(gk99) mutation at late times after DSB formation (Figs 4 and S3) . These similar patterns of RPA-1 and RAD-51 accumulation in worms deficient in either a checkpoint protein or WRN-1 clearly support the idea that the abnormal behavior of RPA-1 and RAD-51 in wrn-1 worms result from defective checkpoint activation. It is intriguing that the abnormalities in the accumulation of RPA-1 and RAD-51 in the checkpoint-defective strains were rescued by an exo-1 mutation (Figs 2-4) . This result suggests that EXO-1 is one of the main drivers causing the hyper-accumulation of RPA-1 at late times and also the reduction of RAD-51 binding. We suggest that in the absence of WRN-1 or a checkpoint protein, EXO-1 nuclease is not regulated properly at late times. This proposal is based on the observation that Exo1 in yeasts is phosphorylated at several residues in response to DNA damage and is down-regulated as a result of the phosphorylation [40] . In the absence of WRN-1 or a checkpoint protein, EXO-1 cannot be down-regulated properly, resulting in a continuous increase of ssDNA, to which RPA-1 (and the whole RPA complex) goes on binding as time progresses; this idea is depicted in our model for DSB repair in C. elegans (Fig. 6) . Nonetheless, the hyperaccumulation of RPA-1 at late times could have been due to the continued presence of large numbers of DSBs due to inefficient DSB repair. However, we have observed that a deficiency of GEN-1, which mediates the resolution of Holliday junctions, does not induce this hyper-accumulation, thus rendering this possibility unlikely (data not shown). Rad51 in mammalian cells is phosphorylated by c-Abl downstream of ATM, and RAD-51
Homologous recombination Non homologous end-joining In the absence of WRN-1, only EXO-1 mediates end resection, so that RPA binding to ssDNA is diminished at early times after DSB formation. However, EXO-1 fails to be down-regulated (marked with a yellow star) at late times due to defective checkpoint signaling, as observed in yeast [40] , and this leads to hyper-accumulation of RPA. Nevertheless, this hyperaccumulation of RPA may be partly due to inefficient replacement of RPA by RAD-51 that fails to be phosphorylated (marked with a banning sign).
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